The Dobzhansky-Muller model provides a widely accepted mechanism for the evolution of reproductive 16 isolation: incompatible substitutions disrupt interactions between genes. To date, few candidate 17 incompatibility genes have been identified, leaving the genes driving speciation mostly uncharacterized.
Introduction

35
According to the classic Dobzhansky-Muller (DM) model of speciation, mutations that accumulate 36 independently and in different genomic regions may be incompatible when brought together in a hybrid 37 background, resulting in disrupted epistasis and the development of postzygotic reproductive barriers 38 (Dobzhansky 1982; Muller, 1942) . These barriers, which include reductions in hybrid fertility and/or hybrid Fertile hybrid consensus network 145 To identify potentially interacting sets of genes that are coexpressed in fertile hybrids from different 146 genomic backgrounds, we constructed a consensus fertile network using expression data from the fertile F2 147 (n=102) and HZ (n=79) hybrids and 18,411 probes representing 10,171 genes (see Methods for details). A 148 total of 14,346 probes, representing 7,989 unique genes, were assigned to one of 15 co-expression 149 modules (Figure 2A ; Supplementary Data 1); 4,065 probes could not be assigned to a module and are 150 shown in the grey, 'bin' module. Thirteen modules are significantly enriched for specific functions on the 151 basis of gene ontology analysis, of which seven were significantly enriched for spermatogenesis or 152 potentially related functions (Table 1 , Supplementary Data 2). The module eigengene (ME), which 153 describes the overall expression level of each module across the full dataset of fertile and subfertile 154 hybrids, was significantly positively correlated with both sperm count and relative testis weight for three 155 modules, and significantly positively correlated with relative testis weight alone for an additional three 156 modules ( Figure 2B ). Four modules have an ME which is significantly negatively correlated with both 157 sterility phenotypes, while the ME of one additional module is significantly negatively correlated with 158 relative testis weight alone. Of the seven modules that are significantly enriched for spermatogenesis or 159 potentially related functions, two (Brown and Tan) have an ME which is significantly positively correlated 160 with at least one of the fertility phenotypes, while two (Green and Pink) have an ME which is significantly 161 negatively correlated with at least one of the fertility phenotypes ( Figure 2B ). These correlations indicate 162 that the inferred modules of coexpression are informative about fertility.
163
Network preservation in subfertile hybrids
164
To determine whether coexpression networks are disrupted in subfertile hybrids, we estimated 165 module preservation using two approaches based on a set of metrics developed by Langfelder et al. (2011;  166 see Methods). Figure 3A shows the estimated preservation of each module from the consensus fertile 167 network in F2 and HZ hybrids with subfertile phenotypes and either aberrant or normal overall expression 168 patterns. Module preservation was assessed independently for F2 and HZ hybrids, because the presence 169 and prevalence of specific DMIs and associated network disruptions may vary between mapping 170 populations. Modules showing significant evidence for preservation in subfertile hybrids are represented by 171 circles, while modules showing a lack of significant preservation are represented by squares ( Figure 3A ).
172 Figure 3B and 3C illustrate coexpression patterns within a well-preserved (Red) versus a poorly-preserved 173 (Brown) module in the F2 SFAE hybrids. Pairwise coexpression in the Red module is characterized by 174 strong positive correlations ( Figure 3B ). In contrast, many pairwise expression correlations in the Brown 175 module are weakened or even reversed in direction ( Figure 3C ), suggesting substantial disruption in the 176 coexpression of these gene pairs.
177
The level of preservation of modules from the fertile network was similar in subfertile HZ and F2 178 hybrids. Three modules (Magenta, Red, Pink) showed strong evidence for preservation in subfertile HZ 179 hybrids ( Figure 3A ; Supplementary Table 1) ; the remaining 12 modules had either a Zsummary < 10 and/or non-significant NetRep statistics, indicating weak or a lack of preservation (Langfelder et al., 2016; Ritchie 181 et al 2016, see Methods) . In F2 hybrids, four modules (Magenta, Red, Purple and Blue) showed strong 182 evidence for preservation in subfertile mice.
183
As expected, module preservation was much higher in subfertile hybrids with normal expression 184 based on PC1 (SFNE); all modules showed strong evidence of preservation in the HZ SFNE hybrids, and 185 13 of 15 modules were strongly preserved in F2 SFNE hybrids (Greenyellow and Midnightblue modules had 186 non-significant NetRep scores; Supplementary Table 1 ). By contrast, preservation was lower in subfertile 187 hybrids with aberrant expression; six of 15 modules were preserved in HZ SFAE hybrids, and nine 188 modules in F2 SFAE hybrids.
189
Many modules show consistent levels of preservation across subfertile hybrid classes ( Figure 3A ).
190
The Red, Magenta, Purple and Turquoise modules consistently rank among the most strongly preserved 191 modules; these modules are significantly enriched for cofactor metabolic processes, histone binding and 192 chromosome organization, fatty acid metabolic processes, and synaptic membrane expression,
193
respectively (Table 1) . By contrast, the Brown, Green, Yellow, Midnightblue and Greenyellow modules 194 consistently rank among the modules with the weakest preservation; these modules are significantly 195 enriched for cell projection assembly and cilium organization, DNA repair and chromosome segregation, 196 mRNA processing and spermatogenesis, and protein homooligomerization (the Greenyellow module has 197 no significant enrichments). Notably, while the Magenta and Green modules are significantly enriched for 198 similar processes (chromosome organization and segregation, respectively), the Magenta module appears 199 to be one of the best-preserved modules, while the Green module is among the least preserved across 200 hybrid groups ( Figure 3A ).
201
While consistencies across subfertile groups are apparent, notable differences were also detected 202 between the HZ and F2 hybrids. For example, the Blue module, enriched for spermatogenesis, is 203 significantly preserved in the F2 SFAE hybrids yet shows relatively poor preservation in the HZ SFAE 204 hybrids ( Figure 3A ). The Yellow module, which is also significantly enriched for spermatogenesis, is 205 amongst the least preserved modules in all subfertile hybrid groups except for the F2 SFAE, within which it 206 is relatively well preserved.
207
In summary, broad similarity of module preservation statistics across subfertile classes provides 208 further evidence that specific functions and pathways are commonly disrupted in sterile hybrids. By 209 contrast, modules showing differences in conservation in subfertile HZ vs F2 hybrids suggest some network 210 disruptions are unique to specific mapping populations.
211
Modules associated with specific stages of spermatogenesis or testis cell types 212
To determine if coexpression modules are associated with specific stages of spermatogenesis, we 213 tested for significant enrichment of genes expressed in different testis cell types, which was recently 214 determined at high resolution using a combination of single-cell RNAseq and bulk RNAseq at different time 
233
Trait Transcripts (QTTs) in F2 hybrids, and provided several lines of evidence linking these hotspots to 234 sterility phenotypes. We investigated whether trans eQTL hotspots affected specific parts of the gene 235 coexpression network by testing for overlap between QTT associated with each hotspot and genes in 236 modules from the fertile network. Genes in seven modules overlap with QTT from 1-7 hotspots (Table 3) . 
243
Modules with higher preservation in subfertile hybrids (Red, Purple) overlap with QTT associated with 244 multiple trans-eQTL hotspots ( 
251
Differentially correlated genes 252 Our next aim was to identify specific genes causing observed patterns of network disruption in 253 subfertile hybrids. We identified genes with significant changes in coexpression pattern in subfertile vs 254 fertile hybrids using differential correlation analysis, performed independently for each module using the 255 DGCA R package (McKenzie et al. 2016) . A total of 2800 genes showed a significant loss or reversal of 256 coexpression pattern within at least one of the subfertile groups (Supplementary Data 1). The percentage 257 of differentially correlated genes varied across subfertile classes: 14.83% F2 SFNE, 11.08% F2 SFAE, 258 3.06% HZ SFNE, 2.88% HZ SFAE; note, these values are not necessarily consistent with degree of 259 sterility, because sample size is smaller for HZ vs. F2 hybrids, and for SFAE vs. SFNE hybrids. As 260 expected, a higher proportion of genes were differentially correlated in weakly preserved (28.89-46.59%) 261 vs. strongly preserved (1.12-3.65%) modules (Supplementary Table 2 ).
262
Module hub genes 263 We next identified hub genes in the fertile network. Hub genes are highly connected within modules, 264 and thus more likely to be associated with network disruptions. We identified 281 hub genes across the 15 265 modules on the basis of degree (number of connections) and module membership (correlation between the 266 expression of a gene and the module eigengene) (Horvath and Dong, 2008). Of the 281 hub genes, 95 267 genes within 10 modules show a significant loss or reversal of coexpression pattern in at least one of the 268 subfertile hybrid groups relative to the fertile hybrids (Table 3) 274 Table 3 lists the module hub genes, indicating the following as potential candidates for DMIs: genes 275 with different coexpression patterns in subfertile relative to fertile hybrids (n=95); genes that have been Fkbp4, are shown in Figure 4A , and the overall pattern of reduced connectivity in the SFAE network is 284 shown in Figure 4B . Several genes that interact with module hub genes in the fertile hybrid network,
285
including Spata18, Ttll5, Gli2, Sept2 and Adcy3, have Cell Component (CC) GOs that include cilium and/or sperm flagellum ( Figure 4A ), which is of note since the Brown module is significantly enriched for genes 287 involved in cilium organization (Table 1) .
288
We found some hub genes in significantly preserved modules that nevertheless show disrupted 289 coexpression patterns in subfertile hybrids. For example, the Blue module is significantly preserved in the 
334
Patterns of network disruption are broadly similar in the F2 and HZ mapping populations, but 335 differences are also evident. The Blue and Yellow modules, for example, showed higher levels of 336 preservation in the F2 relative to HZ subfertile hybrids, and several module hub genes showed significant 337 changes in coexpression pattern in only one of the hybrid populations. As noted above, power to detect 338 disruptions varies among subfertile classes, due to sample size, but we expect there are also true 339 biological differences, because incompatibility loci are segregating within musculus and domesticus (Good 
357
We identified more fine-scale disruptions in networks by performing differential correlation analysis, 
377
The overall expression of both modules is negatively correlated with both fertility phenotypes, suggesting 378 expression tends to be higher in subfertile relative to fertile hybrids. These observations are consistent with 379 previous reports that genes expressed in somatic cells in testis (i.e. Leydig, Sertoli) have relatively high Our gene network analysis is largely independent of phenotype data, hence potentially enabling us to 430 identify entirely novel candidate DMI loci. Candidate DMI genes that lie outside of previously identified 431 sterility regions include Fkbp4 and Ptdss2, which are hub genes in the poorly preserved Brown module and 432 show loss of coexpression patterns in subfertile relative to fertile hybrids. Mice lacking Ptdss2 expression 433 have reduced testis weight and can be infertile (Bergo et al. 2002) , while the lack of Fkbp4 expression is 434 associated with abnormal sperm morphology (Hong et al. 2007) . Helq, a differentially correlated hub gene 435 in the Turquoise module, also lies outside of previously identified sterility regions and is associated with 436 subfertile phenotypes in male mice (Adelman et al. 2013 ). Finally, D1Pas1 and Adam1a, both hub genes in 437 the Blue module have GOs relating to spermatogenesis and the binding of sperm to the zona pellucida,
438
respectively, yet have not been previously identified as candidates for DMI speciation genes. 
455
To investigate changes in gene expression networks associated with sterility, we first classified 456 individuals as 'fertile' vs. 'subfertile.' As fertility (i.e., ability to father offspring) was not directly measured in 457 F2 or HZ individuals, we used two phenotypes to categorize males as fertile or subfertile: relative testis 458 weight (testis weight/body weight) and sperm count (Turner et al. 2012; White et al. 2011 ). These 459 phenotypes were measured comparably in mice from both mapping populations and have been associated 460 with reduced fertility in multiple studies of musculus-domesticus hybrids (Britton-Davidian et al. 2005;  461 reviewed in Good et al. (2008) , (2010)); we will henceforth refer to these traits as "sterility phenotypes". A 462 total of 102 F2 and 79 HZ hybrid males have fertility phenotypes that fall within one standard deviation of total of 92 F2 and 41 HZ hybrids, both sterility phenotypes fall within the pure subspecies range yet at least 466 one of the phenotypes is more than one standard deviation from the pure subspecies mean. These hybrids 467 were categorized as "intermediate phenotype". Finally, data was available for 32 pure subspecies males: 468 16 domesticus and 16 musculus. Eight individuals each of pure domesticus and pure musculus were 469 offspring of mice wild-caught at the edges of the hybrid zone (Turner and Harr 2014), and the remaining 470 pure subspecies males were from wild-derived inbred strains WSB/EiJ (domesticus) and PWD/PhJ 471 (musculus) inbred strains, whose expression was reported in Turner et al. (2014) . In total, microarray and 472 sterility phenotype data were available for 467 hybrid and 32 pure subspecies males.
473
Microarray data processing 474
The Whole Mouse Genome Microarray (Agilent) contains 43,379 probes including 22,210 transcripts 475 from 21,326 genes. We started from raw array data from each study rather than processed expression 476 values, to ensure data sets were comparable in network analyses. Preprocessing of raw expression data 477 was performed in the R package limma (Smyth, 2005) . Background correction was performed by 478 specifying the "half" setting, which resets intensities that fall below 0.5 following background subtraction to 479 0.5, and by adding an offset of 50. To identify probes with consistently low expression, the 98 th percentile 480 of the expression of negative control probes was calculated and only probes that were at least 10% 481 brighter than this background expression level were retained, reducing the dataset to a total of 36,896 482 probes. The Quantile method was used to normalise expression between arrays.
483
Since the expression dataset includes data generated within different laboratories and over different 484 time periods, non-biological systematic bias or "batch effects" must be considered. We adjusted for known 485 batch effects using the empirical Bayes framework implemented via the ComBat function (Johnson et al.
which is available within the WGCNA R package (Langfelder and Horvarth, 2008) and calculates the sum 502 of the adjacency of each probe to all other probes within the dataset. The median connectivity was 503 calculated and probes with above-average connectivity within fertile hybrids were retained, resulting in a 504 final dataset of 18,411 probes representing 10,171 genes. We used the blockwiseConsensusModules 505 function to perform signed network construction and identify consensus modules across the fertile F2 and 506 HZ datasets, assigning each probe to a single module. Briefly, this process involved calculating a pairwise 507 coexpression matrix for each of the F2 and HZ fertile groups, in which coexpression is estimated using 508 Pearson correlation values. Raising the coexpression matrix to a defined soft-threshold power introduces 509 scale-free topology, in which a small proportion of nodes (hub genes) have a large number of connections 510 within the network. Such scale-free topology is thought to be a fundamental property of most biological 511 networks (Barabasi and Albert 1999). Network topology analysis was performed for a range of soft-512 threshold values, and an optimal soft-threshold value of five was chosen as the lowest value at which 513 median connectivity reached a low plateau. The coexpression matrix was raised to this soft-threshold 514 power to create an adjacency matrix, which was then converted to a Topological Overlap Matrix (TOM).
515
The TOM describes the network interconnectivity or coexpression between each pair of genes in relation to 516 all others in the network. A consensus TOM was then used to cluster genes using average linkage 517 hierarchical clustering. A dynamic tree cutting algorithm was used to cut the clustering tree, so defining 518 consensus modules of similarly expressed genes. The deepSplit and minimum module size parameters 519 were set to 0 and 50 respectively, and the module eigengene distance threshold was set to 0.2 to merge 520 similar modules. (Edgar et al., 2002; Barrett et al. 2013) . GO terms associated with more than 10 and 532 fewer than 500 genes in the gene universe were available for assignment.
533
Network preservation between fertile and low fertility hybrid groups.
534
To identify gene interactions which are present in fertile hybrids and disrupted in hybrids with low 535 fertility, we tested for preservation of modules from the fertile network in subfertile hybrids. Levels of 536 genetic variability are likely to vary between the HZ and F2 mapping populations, since the F2 hybrids were 537 created through crosses of inbred domesticus and musculus strains, whereas the HZ population was 538 created through crosses of mice caught wild in the hybrid zone. Since incompatibility loci are likely to be 539 segregating in natural domesticus and musculus populations, the presence or absence of specific sterility 540 loci is likely to differ between the mapping populations. We therefore tested for module preservation in 541 subfertile hybrids independently within the F2 and HZ populations. Because the PCA revealed a strong 542 association between the low fertility phenotype and variation along PC1 (see Results), we further split the 543 subfertile individuals into those clustering together with the fertile individuals along PC1 and those with a 544 PC1 score that falls outside of the fertile range (-91.25 -49.33 ; see Figure 1 ). We refer to these groupings 545 as "SubFertile Normal Expression" (SFNE) and "SubFertile Aberrant Expression" (SFAE). To explore 546 whether the lack of preservation for several modules in the subfertile phenotypes was exclusive to the 547 SFAE group, we tested for module preservation between the fertile and each of the SFNE and SFAE 548 groups within the F2 and HZ populations.
549
We used the statistical frameworks implemented in the WGCNA and NetRep R packages to estimate 550 module preservation (Langfelder and Horvarth, 2008; Ritchie et al. 2016 ). Both of these permutation-based 551 approaches use the seven preservation metrics developed by Langfelder et al. (2011) . The 552 modulePreservation function (WGCNA package, 500 permutations) was used to generate Zsummary scores, 553 which combine several preservation statistics that compare the density and pattern of connections within 554 modules and between datasets. Zsummary scores of ≥ 10, 2-10, and <2 indicate strong, weak, and a lack of 555 module preservation between datasets, respectively (Langfelder et al. 2011) . Modules were ranked 556 according to their relative preservation using the median rank statistic, which is based on the Zsummary score 557 and module size (Langfelder et al. 2011) .
558
In addition, we used the NetRep R package (Ritchie et al. 2016) to test the significance of all seven 559 of Langfelder's statistics summarising the preservation of modules between test and discovery datasets. If 560 one or more of the NetRep statistics was found to be non-significant, this was considered evidence for a 561 lack of significant module preservation in subfertile hybrids. The Zsummary scores and least significant 562 NetRep statistics for each module are presented in Supplementary Table 1 . 
571
Two methods were used to identify hub genes. First, genes with a Module Membership (kME) ≥ 0.85 572 were identified as hub genes, where kME represents the Pearson correlation between the expression of an 573 individual gene and the module eigengene (Horvath and Dong, 2008) . Second, connectivity statistics 574 including the average number of neighbours, which describes the average connectivity of nodes in a 575 module, and the network density, which summarises the overall module connectivity, were calculated 576 independently for fertile F2 and HZ hybrids, using Cytoscape v3.7.1 (Shannon et al. 2003) . The top five 577 most connected genes within each of the F2 and HZ networks were also classified as hub genes for each 578 module.
580
Acknowledgments
581
This work was supported by funding from the Deutsche Forschungsgemeinshaft, awarded to LMT 582 (TU500/2-1). We are grateful to staff at the Milner Centre for Evolution, University of Bath, for valuable 583 feedback and discussions. Expression data processed in this study has been submitted to the Gene 
631
metaphase I and II spermatocytes (MI and MII), stage 1-11 spermatids (S1-11), sertoli and leydig 632 cells. genes with FST and/or dXY values representing divergence between pure subspecies domesticus and musculus that exceed the 95% quantile (Turner, Pfeiffer and Harr, unpublished). Θ genes with GO terms related to regulation of gene expression and/or male fertility α genes that have been found to be expressed in one or more class of testis germ cell (Ernst et al. 2019) Saris, C. G., Horvath, S., van Vught, P. W., et al. (2009) 
